Endothelial cell infection by Mycobacterium leprae has long been described histologically in all types of leprosy and in some of the acute reactions occurring in this disease. Recent evidence from experimental lepromatous neuritis indicates that M. leprae colonizes endothelial cells of epineural blood vessels even in sites of minimal infection, suggesting that interaction between these cells and M. leprae may play an important role in the selective localization of this organism to peripheral nerve. To begin to study the mechanisms involved, we have examined the interaction between M. leprae and human umbilical vein endothelial cells (HUVEC) in vitro using light microscopy, scanning and transmission electron microscopy, and confocal laser scanning microscopy. When M. leprae were added to confluent monolayers of HUVEC, uptake increased slowly to a maximum at 24 hours. Maximal percentages of infected cells were similar at ratios of organisms:cell over a range of 25:1 to 100:1. The bacilli appeared to lie within membrane-bound vacuoles at all time points. The kinetics of association of M. leprae with HUVEC are much slower than has previously been observed with macrophages, possibly due to differences in the binding of M. leprae. Compared with other pathogens that infect endothelial cells, M. leprae also appear to be ingested more slowly, and to a more limited degree. The receptors involved in M. leprae binding to endothelial cells and the impact of intracellular infection by M. leprae on these cells remain to be determined. (Lab Invest 2000, 80:663-669).
I
nfection of endothelial cells (EC) by Mycobacterium leprae was repeatedly noted in the early histopathologic descriptions of leprosy (Hansen and Looft, 1895; Klingmü ller, 1930) . The extent of EC infection in this disease was reported in detail in a large study by Fite in 1941 , who noted focal infection of blood vessels in 42% of skin lesions of all types, "usually with bacilli in the lining endothelial cells." Later studies further described EC infection by M. leprae at the light microscopic and ultrastructural levels (Boddingius, 1984; Burchard and Bierther, 1985; Coruh and McDougall, 1979; Fite, 1941; Mukherjee et al, 1987; Turkel et al, 1982) . The remarkable extent of these descriptions, compared with other diseases, was emphasized in a review of the phagocytic properties of EC (Ryan, 1988) . The pathogenesis of leprosy is now widely understood from the perspective of its unique immunologic spectrum, and EC involvement has not been widely appreciated among students of leprosy. However, the current cellular and molecular knowledge of immunologic mechanisms in leprosy do not obviate the longstanding observation of EC infection; rather, infection of EC appears to have been largely overlooked because, for over four decades, it had no apparent role in the immunological issues that dominated research on leprosy. Recent observations on the localization of M. leprae to peripheral nerves have indicated that EC play an important role in this process (Scollard et al, 1996 (Scollard et al, , 1999 . These studies provide the most direct evidence to date that the vasculature plays a central role in the unique tropism of M. leprae to peripheral nerves, and has given new impetus to the study of the interaction between this pathogen and EC. The culture of EC isolated from human umbilical veins has become an established model for research into many aspects of EC biology (Gimbrone, 1976) , including infection with other micro-organisms such as Listeria (Drevets et al, 1995; Greiffenberg et al, 1998) , Candida (Filler et al, 1995; Fratti et al, 1998) , and Rickettsiae (Austin and Winkler, 1988; Walker, 1984) . We have therefore examined the ability of HUVEC to ingest M. leprae under controlled conditions in vitro, and documented basic aspects of this interaction by light, electron, and confocal microscopy.
Results
M. leprae were associated with a only a small percentage of HUVEC after 3 or 6 hours of co-cultivation, but the percentage of HUVEC associated with bacilli increased to a maximum at approximately 24 hours (Fig.  1A) . After 24 hours, the percentage of infected cells appeared to decline slightly.
At a multiplicity of infection (MOI) of 100:1 or less, approximately 50% of cells had bound and/or ingested bacilli at 24 hours (Fig. 1B) . However, Ͼ95% of HUVEC were associated with M. leprae at MOI of 1000:1 at 24 hours.
Study of only those cells that were infected at each time point, at MOI of 100:1 or less, revealed that the number of bacilli per infected EC was similar at all time points. Most of the infected cells contained only a small number of bacilli, and only a small fraction of them contained Ͼ5 bacilli (Fig. 1C) . Notably, this distribution of bacilli within infected cells was consistent over at least the first 24 hours of co-cultivation of HUVEC with M. leprae, even though the percentage of cells that were infected increased during this interval (Fig. 1A) .
By scanning electron microscopy (SEM), the binding of M. leprae to HUVEC was apparent within 1 hour, and bacilli could be seen attached to the cell surface of HUVEC for at least the first 24 hours (Fig. 2) . Adherent bacilli were not quantified, but inspection of (SEM) preparations of cultures from 3 to 24 hours did not indicate any substantial increase or decrease in the number of bacilli bound to the cell surface.
Confocal laser scanning microscopy of 24-hour cultures confirmed the surface location of some bacilli, appearing as green (auramine-O-positive) points at the same level as the red (UEA-1-positive) HUVEC cell membrane (Fig. 3B ). Most organisms, however, had been internalized and were located below the cell membrane.
Transmission electron microscopy revealed that organisms were located inside membrane-bound phagocytic vacuoles as early as 1 hour after addition of M. leprae to HUVEC (Fig. 4, A and B) . This intracellular location of M. leprae within phagocytic vacuoles was observed throughout 24 hours of observation (Fig. 4, C and D) .
Discussion
These results demonstrate that M. leprae are bound and ingested by EC in vitro, but that this process occurs more slowly than has been observed with professional phagocytes (Sibley et al, 1987) . In addition, a very high MOI is necessary to achieve saturation of HUVEC, compared with professional phagocytes in which nearly 100% contain M. leprae after exposure to a lower MOI.
When the duration of co-culture of HUVEC and M. leprae was extended over 24 hours, the distribution of bacilli per cell remained relatively constant, with only a small fraction of cells ingesting a large number of bacilli at any time point. This suggests that most HUVEC will not continue to ingest large numbers of M. leprae even if more are available, but appear to abstain from further phagocytosis. This could be a function of the number of viable bacilli, as with phagocytosis of rickettsiae (reviewed in Austin and Winkler, 1988 ), but at this time there is no means by which to accurately determine the viability of M. leprae.
The rate-limiting step in uptake may be slower phagocytosis or reduced adherence to EC due to lower frequency or slower expression of binding molecules on EC. The observation of M. leprae intracellularly at 1 and 3 hours, however, indicates that the mechanics of phagocytosis may not be delayed, and therefore suggests that binding is likely to be the rate-limiting step.
Taken together, these results suggest that at MOI of 100:1, only a small percentage of HUVEC bind M. Human umbilical vein endothelial cells (HUVEC) ingest M. leprae in a time-and concentration-dependant manner. A, Bacilli at a multiplicity of infection (MOI) of 100:1 were associated with a small percentage of cells after 3 or 6 hours exposure, increasing to a maximum at 24 hours. Mean ϩ/-SD of four experiments. B, Saturation of HUVEC with M. leprae occurred only at a high MOI. Bars indicate the mean ϩ/-SD of three experiments. The number of bacilli bound and/or ingested only reached approximately 60% at MOI of 100:1. However, at MOI of 1000:1, Ͼ95% of HUVEC were associated with M. leprae. C, The number of bacilli per infected cell was similar at all time points. Bars indicate the mean ϩ/-SD of three experiments. The number of bacilli per cell, at MOI of 100:1, was determined for 100 infected cells, scored as 1 to 2 bacilli/cell, 3 to 5 bacilli/cell, 6 to 10 bacilli/cell, and Ͼ10 bacilli/cell. Scollard leprae initially, but that these are rapidly ingested after binding. Over the next 24 hours of co-cultivation, increasing numbers of HUVEC participate in the binding and ingestion of M. leprae, again with rapid ingestion after binding, because bacilli do not appear to accumulate in large numbers on the cell surface. Even at MOI of 100:1, the majority of infected HUVEC have only ingested a small number of bacilli by 24 hours. Finally, if a very large bacterial load is presented (MOI ϭ 1000:1) nearly all cells will ingest at least some bacilli.
Not all pathogenic organisms are phagocytosed by EC (Filler et al, 1995) and M. leprae appears to be handled very slowly compared with other organisms that are. Maximal adherence of Borrelia burgdorferi to HUVEC was observed at 4 hours (Thomas and Comstock, 1989) , for example, and uptake of Rickettsia rickettsii was maximal within 6 hours, infecting 80% to 90% of HUVEC (Silverman, 1984; Walker, 1984) .
Candida albicans and Listeria monocytogenes are capable of direct invasion of EC by means of proteins on their surfaces. Candida albicans adhere to EC in large numbers within 1 hour and rapidly penetrate them without phagocytosis (reviewed in Hostetter, 1994) . Listeria monocytogenes is similarly capable of rapid binding to and invasion of EC (Drevets et al, 1995; Greiffenberg et al, 1998) . No evidence is available at this time to indicate that M. leprae is capable of direct invasion by such mechanisms.
The impact of M. leprae infection on EC remains to be determined. Ingestion of some other organisms by EC is known to impair the barrier function of EC (Szczepanski and Benach, 1991) or to cause lethal damage to the host cell (Filler et al, 1995) , but M. leprae is well known to be a very non-toxic intracellular parasite of macrophages and Schwann cells. Notably, under the conditions used in these studies, infection rates appeared to decline after 24 hours. This may be due to the death or preferential detachment of infected cells, but could also be an artifact of the culture conditions used in these studies.
Infection of EC may be an important factor in the pathogenesis of leprosy of all types. Infected epineural and perineurial EC appear to constitute an important reservoir of M. leprae on the surface of peripheral nerves (Scollard et al, 1999) , greatly increasing the possibility of a high frequency and density of localized bacillemia within the nerves, as compared with other organs. Colonization of the vasculature of the epineurium may also increase the risk of ischemia due to even mild physiologic or mechanical stress. In addition, vasculitis is the requisite second half of the prevailing understanding of the erythema nodosum leprosum (ENL) reaction in leprosy -an immune complex vasculitis (Wemambu et al, 1969) . Another rare but catastrophic reaction in lepromatous leprosy is the Lucio phenomenon -an acute, necrotizing vasculitis with high morbidity and mortality (Rea and Ridley, 1979; Scollard et al, unpublished data) , which is also postulated to be mediated by immune complexes. EC may play important roles in the immunologic events in these acute reactions, either as an antigen-presenting cell or a target cell. To pursue these questions, detailed studies of the mechanisms of interaction between M. leprae and EC derived from different vascular beds will be required, because some important characteristics of EC differ depending on their origin. However, infection of HUVEC with M. leprae appears to offer a valuable system in which fundamental aspects of this interaction can be elucidated in vitro. 
Materials and Methods

Cells and Culture Conditions
HUVEC and a defined growth medium for these cells (containing 2% fetal bovine serum) were obtained from a commercial source (EGM, Clonetics, San Diego, California). Medium was changed every 48 to 72 hours, and cells were trypsinized and passaged approximately once per week. All experiments were performed using cells in passages 3 to 7.
For experiments, HUVEC were cultured on uncoated, 12 mm, round cell culture cover slips (Thermanox; Nalgene Nunc, Napierville, Illinois) in 24-well tissue culture plates, at 37°C in a humidified incubator with 10% CO 2 . Round, 12 mm gelatin-coated glass coverslips were used for studies using confocal microscopy. Cells were seeded in 0.5 ml medium, 10 4 cells/well, and medium changed every 24 to 48 hours until they grew to confluence, usually 6 to 8 days. Fresh medium was applied at the time bacilli were added. Confocal laser scanning microscopy demonstrated internalization of M. leprae (24-hour culture) in cultures at MOI of 100:1. A, Original cumulative x, y image of all layers at 550, showing HUVEC stained with TRITC-UEA-1. Cursor a provides orientation for x, z analysis. B, Superimposed x, z sections (at cursor a), at 550 and 515, colorized. Red indicates staining of HUVEC cytoplasmic and nuclear membranes with TRITC-UEA-1, at 550; Green indicates M. leprae stained with auramine-0, at 515. Scollard M. leprae. Bacilli were obtained from infected footpads of nude mice, harvested aseptically after 6 to 12 months, as previously described (Sibley and Krahenbuhl, 1988) . Bacilli were tested free of contamination with other organisms, and possible tissue contaminants were reduced by incubation in 1M NaOH for 10 minutes, followed by three washes in medium containing 10% fetal bovine serum. After overnight incubation at 4°C, the concentration of bacilli was determined by counts of acid-fast organisms in calibrated smears, as previously described (Sibley and Krahenbuhl, 1988) . Organisms were suspended in EGM medium, and added to cultures in a volume of 0.5 ml per well at concentrations resulting in a multiplicity of infection (MOI) from 25:1 to 1000:1.
Experimental Design
After various intervals of culture, non-ingested bacilli were removed from the monolayer by washing each coverslip thoroughly, by dipping repeatedly in each of three changes of phosphate-buffered saline. After fixation in cold formol-acetone they were stained using a Kinyoun acid-fast stain and brilliant green counterstain ('BBL' TB Kinyoun Stain; Becton Dickinson, Towson, Maryland). The percentage of cells infected, and the bacillary load among infected cells, was determined by manual counting using a 100ϫ objective under oil immersion. Cultures for each experimental condition were prepared in triplicate.
Electron Microscopy
For ultrastructural studies, monolayers on cover slips were washed as described above, and fixed in 1.25% glutaraldehyde and 2% paraformaldehyde in 0.1 M Na-cacodylate buffer. After washing in the same buffer containing 5% sucrose, cells were post-fixed in OsO 4 and dehydrated through a series of graded alcohols.
For scanning electron microscopy, specimens were processed in liquid CO 2 in a Polaron critical point dryer (VG Microtech, West Sussex, United Kingdom), and coated with gold palladium (Hummer V sputter coater; Technics, San Jose, California). Specimens were examined with a Cambridge Stereoscan 150 scanning electron microscope (Leica, Deerfield, Illinois).
For transmission electron microscopy, fixed monolayers were embedded in Spurr resin and polymerized as previously described (Scollard et al, 1999) . Embedded monolayers were detached from the cover slips, and ultrathin sections were cut parallel to the culture surface. Thin sections were collected on copper grids, stained with uranyl acetate and lead citrate, and examined under a Philips 410 electron microscope.
Fluorescent Staining
M. leprae were stained with 0.01% auramine-O (au-O; Sigma) (Truant et al, 1962) in EGM for 30 minutes at 37°C. Specimens were then fixed in 1.25% glutaraldehyde at 4°C for 30 minutes, and washed in three volumes of PBS. The HUVEC surface membrane was stained with TRITC-conjugated Ulex europaeus-1 (rho-UEA-1) (Sigma), at a concentration of 300 mg/ml in PBS for 20 to 30 minutes at 4°C. For dual staining with both reagents, specimens were first stained with au-O, fixed, and then stained with rho-UEA-1. Specimens were mounted face up in mounting medium composed of 50% glycerol containing p-phenylenediamine, 1 mg/ml (Platt and Michael, 1983) , in a chamber on the glass slide created with two glass cover-slips on either side of the specimen to support another glass cover slip over the cells without crushing them (Bacallo et al, 1995) . The margins were sealed with fingernail polish to prevent evaporation.
Confocal Laser Scanning Microscopy
Infected and uninfected monolayers were fixed, stained with rho-UEA-1, au-O, or both, as described above, and the specimens examined within 1 hour with a Noran Odyssey XL laser confocal instrument (Noran, Middleton, Wisconsin) using slit illumination, mounted on a Nikon microscope under 40ϫ magnification, without oil. The image was collected 640 ϫ 480 resolution using Intervision acquisition software (Noran) and a Silicon Graphics Indy mini-workstation (Silicon Graphics, Houston, Texas). Images for each fluorochrome were collected in successive 0.3-layers, starting at the coverslip, using an excitation wavelength of 488 and a 515 long pass filter for Au-O, and excitation at 528 and a 550 long pass filter for rho-UEA-1. Data were analyzed in both x, y and x, z formats, and for x, z evaluation, images were pseudocolorized using Adobe Photoshop software, and superimposed to demonstrate the relationship between the cytoplasmic membrane and M. leprae.
